Abstract
Introduction
Stereopsis, the basic principle of producing depth perception with 2D displays, was discovered by Sir Charles Wheatstone [1] in 1838. In fact, the first "motion picture" was a series of stereoscopic images (1878) [2] . Since that time, various types of 3D displays have been invented. However, the overwhelming majority of today's displays are only 2D capable, despite the viewer's interest in 3D displays.
Fatigue or dizziness from watching 3D displays may be the primary cause for slow adoption. Poorly authored 3D content is one factor that causes discomfort. Having to wear special glasses for one to two hours is another. The third factor is the discrepancy of the rendered images with the real solid object. Many 3D displays fail to reproduce the feeling of solidity of a 3D object because some of the information (image) intended for the left eye gets to the right eye and that for the right eye reaches the left eye. We call this undesirable effect left-right (L-R) crosstalk.
Viewers do not like having to wear 3D glasses. Therefore, autostereoscopic displays would be preferred. However, auto-stereo displays developed thus far have a very limited viewing zone (angle and distance) and inevitably they show L-R crosstalk. Only stereoscopic displays that include passive/active glasses can be made L-R crosstalk-free regardless of the viewer's position and viewing angle.
In order to send left and right images separately, stereoscopic displays use two methods: spatial division or temporal division. Spatial division requires 2x spatial resolution (2x FHD for FHD) and temporal division requires 2x temporal resolution (120 Hz for 60 Hz). In most cases, spatial division incurs higher cost (2x driver ICs and patterned polarizer) than temporal division and it is subject to penalties due to reduced aperture ratio (reduced life time for AMOLEDs and reduced brightness for LCDs). For these reasons, we believe that the temporal division should prevail in the near term, that is, before an auto-stereoscopic display that is completely free from restrictions on viewing zone is invented.
In this report, we propose a new scheme for frame-by-frame driving of a 3D AMOLED display. It exploits the fast responding and self-emissive nature of AMOLEDs to produce bright and L-R crosstalk-free 3D.
New Driving Scheme: Simultaneous Emission
FIGURE 1 shows conventional driving methods for AMOLEDs. There are basically four distinct functional steps: (1) reset, (2) V th storage, (3) data scan, and (4) emission. In the conventional method, all these steps progress line-by-line, including the emission step. We call this approach progressive emission (PE). A frame-by-frame implementation for 3D
PE would look like FIGURE 2a. For L-R crosstalk-free 3D, the left image and the right image should be presented in such a way that there is no temporal overlap between them. One way to achieve this is to refresh the panel at 240 Hz: Left, Left, Right, and Right. The approach was presented [3] by Samsung Electronics in 2009. Another way is to add an extended period of vertical blanking, or vertical blanking insertion (VBI), while maintaining the refresh rate at 120 Hz (FIGURE 2a). In principle, the time for VBI should be equal to the time for emission. However, extra blanking time is needed in order to allow time for the shutter glasses to respond. Typical shutter glasses employ twisted nematic (TN) mode [4] and the transition takes a few milliseconds. Our glasses exhibited 2.5 ms of response time for the falling transition. Although the rising response was much slower (> 4 ms, typical TN characteristic), it does not contribute to the L-R crosstalk; it only affects transmitted luminance in the upper part of the display. Therefore, the emission time is further reduced by the switching time of the shutter glasses. If the display is designed to maintain the emission time, the scan speed would need to be increased by a factor of 2.
(a) (b) A faster shutter speed will certainly help. For example, the OCB (Optically Compensated Birefringence, [5] ) mode can be used for the shutter glasses. However, even 1.0 ms of response time amounts to 25% loss of emission time when total scan time is 4.3 ms and VBI = 4.0 ms.
We devised a novel driving scheme to avoid this problem. The scheme is shown in FIGURE 2b. Rather than turning on the OLEDs line-by-line, we turn all of the panel's OLEDs on simultaneously. In other steps (1. reset, 2. V th , and 3. data scan), the OLEDs are tuned off altogether. The switching transition of the shutter glasses is placed in this non-emissive period. Since this black period (typically > 4 ms) is much longer than the (falling) switching time of the liquid crystal (LC) glasses, there is no L-R crosstalk. The long non-emissive period also allow the shutter glasses to be more transmitting, resulting in higher luminance.
FIGURE 3 shows a comparison of the two modes. By increasing the scan speed, or the equivalent frame rate, longer VBI time is allowed, resulting in higher luminance. The PE mode is always at disadvantage because the LC shutter response time consumes the valuable VBI time. Even at 240 Hz refresh rate [6] (refresh time = 1/240 s = 4.17 ms), maximum duty cycle for PE is only 20%. Provided that the default 2D mode employs 50% black insertion for motion blur performance, the 3D luminance is 40% that of 2D.
On the other hand, the SE mode allows the same duty cycle for 2D or 3D when the screen is refreshed in 1/240 of a second. Therefore, the 3D mode is as bright as 2D.
AMOLEDs do not consume electrical power when displaying black unlike LCDs. The overall power consumption is same whether the emission duty is 100% and luminance 1X, or duty 50% and luminance 2X. By increasing current twice in the emission period, the overall luminance can be maintained without sacrificing power consumption. 
SEAV: Simultaneous Emission with Active Voltage Control
In simultaneous emission (SE) mode, the OLEDs are turned off either by switching off the emission transistor (TR EM in FIGURE 4a), or by reducing the voltage difference between ELV DD and ELV SS to be less than the threshold voltage of the OLEDs. The second method is particularly attractive because the complexity of the pixel compensation circuit (FIGURE 4a) [ 7 ] can be tremendously reduced by actively driving the power rails: ELV DD and ELV SS . Active driving of the power rail in one step can eliminate one transistor in the pixel circuit. By employing the active voltage control, not only in the data scan step and the emission step, but also in the reset and in the V th storage step, three transistors and the scan lines along with them can be removed. An example of the greatly simplified pixel circuit is shown in FIGURE 4b. We named this driving method SEAV (Simultaneous Emission with Active Voltage control). SEAV has the following advantages: (1) longer life time from higher aperture ratio, (2) improved yield from the simplified circuit, (3) simpler peripheral circuits from the reduced number of scan lines, (4) greater driving margin from the reduced capacitive load of the scan lines (FIGURE 5), and (5) less performance demands on the TFT backplane. 
Results
We fabricated a 30" 3D TV with SEAV (FIGURE 6). The display was exhibited in Yokohama at FPD International 2009 and in Las Vegas at Consumer Electronics Show 2010. The pixel circuit was the conventional 6T-1C (FIGURE 4a). We also fabricated a 19" qFHD (960x540) panel that has the 3T-2C circuit in FIGURE 4b. The panel exhibited an excellent SRU (short-range uniformity, [8] ) value of 92%, indicating that the 3T-2C V th compensation circuit was fully functional. The MPPR (Moving Picture Perceptual Resolution [9] ) score showed that all 540 lines were fully resolved. By comparison, a variety of current generation 120Hz-driven FHD LCDs lost 40% ~ 50% of their static resolution when measured by MPPR [9] . A standard metric for measuring L-R crosstalk needs to be developed in order to assess the 3D performance accurately. Since 3D displays are just becoming available this year and the human responses to various kinds of 3D implementations are yet to be fully studied, we are not able to provide a direct gauge for the 3D performance of the SEAV panels at this time. However, we can conjecture the performance indirectly by observing the electrooptic response of the panel. FIGURE 7 shows the electro-optical response of a SEAV panel.
The rising and falling response of the panel is much shorter than one millisecond, and the emission level reaches 100% of the white level in the first frame after black. There is an ample amount of time between L and R emissions (in this particular driving scheme, 6 ms) to allow for the liquid crystal in the active shutter glasses to fully switch. Typical TN-based shutter glasses showed switching time of ~ 2.5 ms. Therefore, there will be no remnants of the right image reaching to the left eye, and left image to the right eye, vice versa.
Conclusion
We have developed a new driving scheme for AMOLED TVs.
The new scheme, called SEAV, differs from the conventional method in that all of the panel's OLEDs are turned on simultaneously, rather than progressively. It allows longer time for the active shutter glasses to switch, and therefore, the left and the right images are completely separated, resulting in crosstalkfree solid depth perception. In addition, SEAV enables a much simpler pixel circuit: the number of transistors in the pixel circuit can be reduced to just three. Longer life time, higher yield, reduced material cost, higher resolution, and tolerance to lower performing TFT backplanes are expected.
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